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Extreme high-resolution scanning electron
microscopyTritrichomonas foetus is a pathogenic protozoan that causes bovine trichomoniasis. In addition to its
importance in veterinary medicine, this parasite is also a good representative of one the earliest eukary-
otic cells available for study. T. foetus contains organelles that are common to all eukaryotic cells as well
as uncommon cell structures such as hydrogenosomes and a complex and elaborate cytoskeleton that
constitutes the mastigont system. The mastigont system is mainly formed by several proteinaceous
structures that are associated with basal bodies, the pelta-axostylar complex and the costa. Although
the structural organization of trichomonad cytoskeletons has been analyzed using several techniques,
observation using a new generation of scanning electron microscopes with a resolution of 0.8 nm has
allowed more detailed visualization of the three-dimensional organization of the mastigont system.
Moreover, this study revealed the presence of new structures, such as the costa accessory ﬁlament,
and the presence of two groups of microtubules that form the pelta-axostylar system.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Tritrichomonas foetus is a pathogenic protozoan that causes bo-
vine trichomoniasis, one of the most widespread sexually trans-
mitted diseases in cattle, which causes infertility and abortion
and leads to considerable economic losses in beef-producing areas
around the world (Rae and Crews, 2006). Furthermore, T. foetus is
able to infect and colonize the colon of domestic cats, resulting
in chronic, large-bowel diarrhea (Gookin et al., 2004; Stockdale
et al., 2009; Yaeger and Gookin, 2005). It is also important to note
that information obtained from T. foetus is also valid for Tricho-
monas vaginalis, the agent of human trichomoniasis.
In addition to its importance in veterinary medicine, T. foetus
(Fig. 1) is also a good representative of one the earliest eukaryotic
cells available for study; besides the organelles found in all eukary-
otic cells, it contains others such as the hydrogenosomes and a
complex and elaborate cytoskeleton, which constitutes the masti-
gont system (Benchimol, 2004, 2010; Honigberg et al., 1971). The
mastigont system (Fig. S1) comprises a well-organized array of
microtubules, known as the pelta-axostylar complex, whichconstitutes an axial skeleton formed by stable, longitudinally ori-
ented microtubules and extends across the length of the cell. The
pelta is a structure that supports the ﬂagellar canal from which
the ﬂagella emerges (Honigberg et al., 1971; Benchimol, 2004),
whereas the axostyle promotes the axial support of the cells and
it also participates in karyokinesis during the cell division in T. foe-
tus (Ribeiro and Monteiro-Leal, 2000). In addition, there are ﬁla-
ments and lamellae that are not well characterized, such as the
supra- and infra-kinetosomal bodies, sigmoidal ﬁlaments and the
comb (Viscogliosi and Brugerolle, 1994). T. foetus possesses a large
striated root ﬁbril found only in trichomonads that has an undulat-
ing membrane, known as a costa that is thought to provide
mechanical support to this structure. Other striated ﬁbers present
in this protist are the parabasal ﬁlaments, which are thinner than
the costa and connect the basal bodies to the ﬁrst Golgi cisternae,
possibly to support this organelle (Benchimol et al., 1993; Benchi-
mol et al., 2001).
The structural organization of the cytoskeleton of trichomonads
has been analyzed using several techniques, such as immunoﬂuo-
rescence microscopy using several antibodies (Batista et al., 1988;
Benchimol and de Souza, 1987; Viscogliosi and Brugerolle, 1993),
high-voltage electron microscopy of whole cells (Benchimol and
de Souza, 1987) and transmission electron microscopy using the
following methods: (a) thin sections (Batista et al., 1988;
Fig.1. Ageneral viewofT. foetusbySEM(a) andTEM(b).Note that theparasitedisplays
three anterior ﬂagella (AF), one recurrent ﬂagellum (RF) forming the undulating
membrane (UM), thepelta (P),which supports theﬂagellar canal, andtheaxostyle (Ax).
Nucleus (N), sigmoid ﬁlaments (S), supra-kinetosomal body (SKB), basal bodies (BB1–
3), basal body of the recurrent ﬂagellum (BBr), costa (C), infrakinetosomal body (IKB),
comb (Co), hydrogenosomes (H), Golgi complex (G), parabasalﬁlaments (arrowheads),
glycogen (Gl), vacuoles (V). Bars, (a) 2 lm and (b) 500 nm.
I. de Andrade Rosa et al. / Journal of Structural Biology 183 (2013) 412–418 413Benchimol and de Souza, 1987; Granger et al., 2000; Ribeiro and
Monteiro-Leal, 2000), (b) negative staining, (c) freeze-fracture
and freeze-etching (Benchimol et al., 1993, 1996, 2000). Important
information was obtained with all of these techniques, and we cur-
rently have a good understanding of the trichomonad cytoskeleton.
However, our previous experience with other protozoa has shown
that the use of new high resolution microscopy may yield addi-
tional information, even when the structure of a cell type has pre-
viously been examined in detail with the available techniques. In
recent years, there have been signiﬁcant advances with scanning
electron microscopes. Indeed, new microscopes can reach a resolu-
tion in the range of 0.8 nm even using low voltages and samples
coated only with a very thin metal or carbon layer. The use of such
equipment has revealed new details on the three-dimensional
organization of some biological structures. In this paper, we de-
scribe new observations of the cytoskeleton of T. foetus using high
resolution scanning electron microscopy.2. Materials and methods
2.1. Cells culture
The K strain of T. foetus was isolated by Dr. H. Guida (Embrapa,
Rio de Janeiro, Brazil) from the urogenital tract of a bull, and it has
been maintained in culture for several years. Cells were cultivated
in TYM Diamond´s medium (Diamond, 1957) supplemented with
10% fetal calf serum. The cells were grown for 24 h at 36.5 C.
2.2. Cytoskeleton extraction
A 10 ll drop of 0.01% poly-L-lysine (mol wt 150,000–300,000,
Sigma, USA) was placed on glass coverslip, allowing to stand for
at least 15 min. Afterwards, the coverslips were rinsed in distilled
water and a 20 ll drop of the living cells (1  107 cells/ml) was
placed over the coverslip for 15 min. Samples were rinsed in phos-
phate-buffered saline (PBS), pH 7.2, to remove cells that did not ad-here. For cytoskeleton extraction cells were treated with 2% Triton
X-100 and 2% NP-40 in a modiﬁed buffer special for isolation of the
cytoskeleton (IC buffer 10 mM Tris Base, 2 mM EDTA, 2 mM DTT,
2 mM MgSO4, 150 mM KCl, 30% glycerol, pH 7.4) for 30 min or 1 h
(Palm et al., 2005).2.3. Scanning electron microscopy
For SEM, the IC buffer was removed and the whole T. foetus
cytoskeleton was ﬁxed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.2, washed in PBS, pH 7.2 and then post-ﬁxed for
30 min in 1% OsO4 in 0.1 M phosphate buffer, pH 7.2, dehydrated
in an ascending series of ethanol ending in 100% ethanol, critical
point dried with CO2 using a Bal-Tec CPD 030 critical point drier,
and sputter-coated with a thin layer (1–2 nm) of chromium or car-
bon using a Leica EM SCD 500 or 005 sputter coater. The Nova
NanoLab 600 (FEI Company, The Netherlands) scanning electron
microscope and Magellan (Extreme High Resolution Scanning Elec-
tron Microscope – XHR-SEM) scanning electron microscope (FEI
Company, The Netherlands) was used operating at an accelerating
voltage of 2 and 1 kV, respectively. For a better identiﬁcation of
some structures, colors were added to some images using Adobe
Photoshop color balance.3. Results and discussion
In previous papers, we have used conventional scanning elec-
tron microscopy to analyze the structural organization of T. foetus
(Benchimol, 2004, 2005). The images obtained allowed a clear
characterization of the general shape of the protozoan and, when
the inner portion of the cell was exposed due to detergent extrac-
tion, to identify components of the cell such as the nucleus, the pel-
ta-axostylar system and the costa. We decided to re-analyze the
structural organization of the protozoan using an ultra-high reso-
lution scanning electron microscope due to results obtained with
this technique in other protozoa, such as Toxoplasma gondii and
Giardia lamblia, where it was possible to observe new cytoskeleton
structures (San´Anna et al., 2005; Maia et al., 2013; Travassos et al.,
in preparation). For this analysis, we used a scanning electron
microscopes where a resolution of 0.8 nm can be attained.
Although very low beam landing energies was demonstrated more
than 20 years ago, keeping a nanometric spot size below 1 keV,
only recently the ﬁrst commercial SEM succeed in delivering sub-
nanometer resolution at 1 kV, but still with some restrictions. Re-
cently, the introduction of the extreme high resolution SEM has
demonstrated sub-nanometer resolution in the entire 1–30 kV
range (Roussel et al., 2009). Thus, images with elaborate details
of the exposed surface could be acquired due some factors: (1)
the use of the modiﬁed IC buffer allowed a better preservation of
the cytoskeleton of T. foetus during the membrane extraction pro-
cedure; (2) the light coat with 1 to 2 nm thick ﬁlm of chromium,
which has a grain size of 0.3–0.5 nm (Apkarian et al., 1990) or car-
bon to avoid coating of some delicate structures and (3) an scan-
ning mode that reduces the effects of chromatic aberrations at
lower energies (1–2 kV) and minimizes the appearance of image
artifacts (Roussel et al., 2009). The use of these technical proce-
dures allowed the observation of the thin ﬁlaments that were only
observed previously in replicas of quick-frozen, freeze-fractured
and deep-etched cells (Benchimol et al., 1996). Some modiﬁcations
were performed on IC buffer to improve the exposure of the T. foe-
tus cytoskeleton. The addition of glycerol to IC buffer prevented the
aggregation of particulate cytoplasmic constituents and depoly-
merization of tubulin (Larson and Dingle, 1981). The preservation
of the cytoskeleton structures using the similar buffers as men-
tioned above have also been demonstrated in different protists
Fig.2. T. foetus after detergent extraction as observed by nano-SEM (a) and XHR-SEM (b). The stable structures of the cytoskeleton are more clearly visualized than with
routine SEM. Microtubular structures such as the pelta (P) are found in the anterior region of the cell, followed by the axostyle (Ax), which twists at its end portion. The costa
(C) exhibits an accessory ﬁlament (F), which is connected to the recurrent ﬂagellum (RF) by a ﬁlamentous network (Nt). Using XHR-SEM (b), the sigmoid ﬁlaments
(arrowheads) are more clearly seen. Bars: 2 lM.
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reck et al., 1996; Palm et al., 2009).
3.1. Pelta-axostylar system
Although the pelta-axostyle system is a structure that is easily
observed by conventional SEM after plasma membrane removal,
in most cases it is visualized as totally smooth or with smoothFig.3. XHR-SEM of the pelta-axostylar system. (a) An overview of the pelta (P) that is loca
Inset of the pelta-axostyle junction. Note that each microtubule is clearly visualized andgrooves (Benchimol, 2005). Using high-resolution SEM, details that
were not previously seen with SEM were observed. The axostyle
(Fig. 2, Ax) appeared as a sheet of microtubules that forms a hollow
tube, which is opened on the anterior region forming a spoon-like
area known as a capitulum. The pelta was visualized as a crescent
ribbon of the microtubules on the internal face of the capitulum,
which extends to apically surround the walls of the periﬂagellar
canal. The images obtained allowed us to clearly resolve the micro-ted in the anterior region, supporting the ﬂagellar canal and the axostyle (Ax). (b–c)
that they are organized in two distinct groups. Bars: (a) 500 nm; (b–c) 300 nm.
Fig.4. XHR-SEM of the T. foetus axostyle, where the microtubules can be seen clearly (a). (b) At higher magniﬁcation, the bridges connecting the axostyle (Ax) microtubules
are more clearly seen, and these bridges had a thickness of 10.4 nm ± 1.0. Bars: (a) 200 nm and (b) 100 nm.
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4). Furthermore, the extremities of these microtubules were seen
for the ﬁrst time. We could also see that the microtubules of the
pelta (P) and the axostyle (Ax) were easily distinguished as two
groups (Fig. 3b–c) with different orientations. Although these
structures act together to promote the cell support, it is possible
that these structures may also have independent motion and func-
tions. The pelta-axostylar junction was clearly observed for the
ﬁrst time. Previous studies using either TEM of thin sections or
quick-freezing and freeze-etching of trichomonads have shown
that axostyles are not only composed of adjacent microtubules
but also connected to each other by ﬁlamentous bridges (Benchi-
mol et al., 1993; Benchimol et al., 2000; Mooseker and Tilney,
1973). These bridges could be clearly identiﬁed by XHR-SEM; they
had a thickness of 10.4 ± 1.0 nm and were spaced at intervals rang-
ing from 9 nm to 25.4 nm (Fig. 4). Similar bridges that link micro-
tubules of the contractile axostyles were also described in protozoa
of the hingut of the Cryptocercus (Mooseker and Tilney, 1973). In
these protozoa the bridges are composed by a single subunit of
the dinein and its function is related with motion generation by
interactions between adjacent rows of microtubules (Mooseker
and Tilney, 1973). However, further biochemical studies in T. foetus
are necessary to better describe the protein composition and func-
tion of these bridges.3.2. Costa and accessory structure
Although previous reports have suggested that the costa of T.
foetus is predominantly composed of carbohydrates (LemoineFig.5. Nova Nano-SEM images of the cytoskeleton of the T. foetus, where two costa (C) are
(⁄), which is originated in the anterior cell region, separately from the costa; these structu
their length. Both structures have a periodic pattern. Other structures such as the pelta (P
and (b) 200 nm.et al., 1983; Sledge et al., 1978), cytochemical (Benchimol et al.,
1982) and biochemical studies carried out in T. foetus (Monteiro-
Leal et al., 1993) and other trichomonads (Amos, 1979; Goodwin
and Samuels, 1971, 1972; Viscogliosi and Brugerolle, 1993) clearly
showed that this structure is mainly composed of proteins. Its
function is related to mechanical support for the undulating mem-
brane, because the costa is found only in trichomonads that pos-
sess this structure (Honingberg et al., 1971). Our present
observations show that the costa may reach a length of
14.38 ± 1.3 lm and is 36.5 ± 3.4 nm wide with alternating bands
13.8 + 1.25 nm and 241.3 ± 13.9 nm in width.
More importantly, a new accessory was observed running along
the right-hand side of the costa (Figs. 2a, 5–7, C). Similarly the
costa, the accessory ﬁlament forms a striated pattern, but these
structures are originated in sites with opposite directions (Fig. 5,
w). To the best of our knowledge, this report is the ﬁrst description
of this structure. Honigberg et al., 1971 described a ﬁlament that
branched off the costa, and we have shown previously, in replicas
of quick-frozen, freeze-fractured, deep-etched and rotary-repli-
cated cells, the presence of pits at the periphery of the costa
(Benchimol, 1993). Transmission electron microscopy of thin sec-
tions also revealed the presence of a structure that may correspond
to the costa accessory ﬁlament (Benchimol, 2010). However, a 3-D
view of the structure was achieved with high-resolution SEM. The
accessory ﬁlament could help the costa to support the beat of the
undulating membrane. However, additional studies are necessary
to conﬁrm this hypothesis.
Previous studies using replicas from quick-frozen, freeze-frac-
tured, deep-etched and rotary-replicated cells revealed that theseen, indicating that the cell is dividing. Note the presence of an accessory ﬁﬁlament
res are joined together at the anterior cell region and remain associated throughout
), axostyle (Ax), recurrent ﬂagellum and nucleus were also observed. Bars: (a) 50 nm
Fig.6. XHR-SEM of the ﬁlamentous network (Nt) located under the undulating membrane, which connects the accessory ﬁlament (w) of the costa (C) to the recurrent
ﬂagellum (RF) (a). At higher magniﬁcation, it is possible to observe that this network is made of ﬁlamentous and globular structures (b). Bars: (a) 200 nm and 50 nm.
Fig.7. XHR-SEM of T. foetus anterior region. Notice the details of some cytoskeletal structures along with their interactions, such as the microtubules of the axostyle (Ax) (a),
the comb (Co), seen as a scalariform structure that is composed of small ﬁlaments (a–b) connecting the costa (C), and the infra-kinetosomal body (IKB). The sigmoidal
ﬁlaments (S) are found over the basal bodies. Bars: (a) 500 nm and (b) 200 nm.
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face projection of the cell body where a large number of ﬁlaments
emerge from pits in the costa and make contact with a network of
other ﬁlaments (Benchimol et al., 1993; Monteiro Leal et al., 1993).
The presence of a ﬁlamentous network connecting the costa to the
undulating membrane supports the view that the costa aids in con-
trolling the mechanical pressure released during recurrent ﬂagel-
lum beating (Benchimol et al., 1993). However, other electron
microscopy techniques did not conﬁrm the presence of such a ﬁl-
amentous network. Now, using high-resolution SEM, this network
was easily observed; it is composed of 12.5 ± 1.2 nm thick ﬁla-
ments, which may reach a length of 73.6 ± 9.1 nm, and of globular
structures with a mean diameter of 29.20 ± 3.3 nm (Fig. 6, Nt). Fur-
ther biochemical studies are necessary to identify the nature of the
proteins which make the ﬁlamentous network. We also observed
that the costa interacted with other cytoskeletal structures, such
as the comb (Fig. 7, Co), which connects the costa to the infrakinet-
osomal body and has been described as a scalariform structure
found in T. foetus, but not in Trichomonas vaginalis (Benchimol,
2010; Viscogliosi and Brugerolle, 1993). In the present study, the
comb appeared to be formed by small ﬁlaments that were perpen-
dicularly oriented in relation to the costa (Fig. 7b).
3.3. Other ﬁlaments
High-resolution SEM also allowed clear observation of the para-
basal ﬁlaments (Fig. 8, PF), which are striated structures that havebeen implicated in the support of the large Golgi complex of tricho-
monads and may reach a length of 5 lm (Benchimol, unpublished).
The T. foetus parabasal ﬁlaments were seen as striated ﬁbers that
were thinner (128.5 ± 9.6 nm) and shorter than the costa, although
their periodicity (40.2 ± 5.4 nm) was rather similar to the costa.
Interestingly, both the parabasal ﬁlaments and costa were ob-
served to be connected to a network of 12.2 ± 2.5 nm thick cyto-
skeleton ﬁlaments (Fig. 8), as well as to the nucleus (data not
shown). This connection may explain the anterior position of the
nucleus, which is always localized near the axostyle. Previous stud-
ies have shown that T. foetus has two parabasal ﬁlaments, whereas
T. vaginalis has three of these ﬁlaments (Lee et al., 2009).
We were also able to visualize the sigmoidal ﬁlaments, which
are sigma-shaped striated roots that were previously observed by
conventional TEM in the anterior region of T. foetus (Viscogliosi
and Brugerolle, 1993). Although these ﬁlaments have been labeled,
as seen by ﬂuorescence microscopy, with antibodies recognizing
the protein centrin, their function is presently unknown. Our
observations showed that the sigmoidal ﬁlaments appear to be
formed of at least six ﬁlaments, which are located near the pelta
and the axostyle (Fig. 7). Interestingly, for the ﬁrst time, striations
with a periodicity of 50.5 ± 6.6 nm could be detected in this struc-
ture. Previous descriptions of the SF indicated the presence of eight
or nine sigmoid ﬁlaments (Honigberg et al., 1971) that extended
between basal body #2 and terminated at the inner surface of
the pelta-axostylar junction (Benchimol et al., 2000; Viscogliosi
and Brugerolle, 1993). Honigberg et al. (1971) reported that this
Fig.8. XHR-SEM of the striated ﬁbers of T. foetus. The costa (C) is seen as the thickest ﬁber, while the parabasal ﬁlament (PF) is slightly ﬂattened. Both structures have similar
periodicity. Note the network formed by the ﬁlamentous structures, which are well-preserved with this approach and support these structures. Bars: (a) 500 nm and (b)
300 nm.
I. de Andrade Rosa et al. / Journal of Structural Biology 183 (2013) 412–418 417association occurs through proteinaceous bridges, which were not
observed in our preparations.
In conclusion, our observations of the cytoskeleton of T. foetus
using high-resolution SEM not only conﬁrmed previous studies
but also allowed a better understanding of the three-dimensional
structural organization of this important pathogenic protozoan.
In addition, this approach revealed the presence of new structures,
such as the costa accessory ﬁlament, and the presence of two
groups of microtubules that form the pelta-axostylar system. Ta-
ken together, these results may contribute in future studies con-
cerning the functional analysis of cytoskeletal structures of
trichomonads.
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